Abstract -Nanosilver paste is a promising material for power device interconnects. Interconnects are fabricated from nanosilver paste through a sintering process that drives off solvents and dispersants and fuses the silver particles. The integrity of the resulting interconnect is affected by the silver microstructure. This paper explored how sintering temperature, atmosphere, and time influenced microstructure as revealed by transmission electron microscopy and 3-D imaging via dual-beam serial sectioning. Nanosilver paste was sintered in combinations of the following parameters: a sintering atmosphere of air or nitrogen; temperatures of 120°C or 255°C; and sintering times of 5, 10, or 30 min. For the 255°C temperature, oxygen in air facilitated removal of organic solvent and dispersant molecules and led to a microstructure with a coarser ligament network than samples sintered at the same temperature and times in nitrogen. The coarser ligament network was characterized by thick connected ligaments, large connected pores, and few isolated pores; this microstructure has been correlated with improved mechanical strength. Details of both 2-D and 3-D ligament network morphology, grain morphology, grain size, and the associated grain boundaries are discussed.
including those based on SiC and GaN, can be operated at higher temperatures to increase converter power density if an appropriate interconnect material can be developed. Current lead-tin and lead free solders cannot withstand the higher temperature ranges where future power devices are targeted to operate [3] . A good device interconnect material should have high thermal and electrical conductivity, sufficient strength to withstand assembly processes, and a joining temperature below 280°C. In order to meet the future packaging needs of SiC-or GaN-based power electronics systems, the device interconnect material must also support reliable operations of these devices at temperatures above 250°C. Nanosilver meets these criteria, is available commercially, and is remarkable compared with traditional solders, because it can form a connection between device and substrate at low temperatures but does not melt until 961°C [4] .
Nanosilver is able to operate at high temperatures and yet can form a connection at low temperatures through a process called sintering. Sintering is a diffusion controlled process where separated particles link together in order to reduce the surface energy, and diffusion rates increase exponentially with the sintering temperature. During sintering, the silver nanoparticles link together to form a porous 3-D network structure comprised of connected cylindrical ligaments [5] . The sintering of nanosilver particles occurs through two diffusion processes: the surface self-diffusion and the grain boundary self-diffusion of silver atoms [6] . Grain boundary diffusion leads to the densification of the material and closing of isolated pores while surface diffusion leads to weak bonding and no densification [1] , [2] , [6] . Grain boundary diffusion has higher activation energy than surface diffusion and therefore requires a higher temperature to become a significant source of atom transport. In this particular system, the surface diffusion is prominent at temperatures less than 225°C, while the grain boundary diffusion becomes prominent at temperatures between 225°C and 280°C [7] . The growth of connected pores and the closing of isolated pores through grain boundary diffusion lead to a thickening and densification of the ligaments and this combined process is called coarsening. A coarse ligament network is one with thick well connected ligaments and well-connected pores. Fewer grain boundaries and a coarser 3-D ligament structure lead to increased thermal and electrical conduction as well as better mechanical properties [2] .
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Before sintering, nanosilver paste is composed of spherical silver nanoparticles, solvents, and dispersants [1] . The silver nanoparticles are 20-30 nm in diameter and make up 50%-80% of the paste by weight. The dispersants are polar organic molecules that prevent the silver nanoparticles from spontaneous sintering or aggregation at room temperature [8] . The dispersants have polar heads which attach to the silver and hydrophobic tails made of carbon chains that keep adjacent particles separated. Longer carbon tails provide a better separation of the silver nanoparticles but require higher burnout temperatures. The dispersants combust and burn out at a temperature ranging from 100°C to 300°C in the presence of oxygen, and they should be fully removed during the sintering in order to allow the silver particles to more completely coalesce and densify [2] , [4] , [9] .
There has been a number of research projects to measure the mechanical and transport properties of nanosilver processed under various sintering conditions [1] [2] [3] , [7] , [9] [10] [11] . Nanosilver paste sintered at temperatures higher than 250°C under the presence of oxygen has been shown to have many superior properties. Sintering in an inert atmosphere, such as nitrogen, has also been explored with the goal of preventing copper substrate oxidation. Substrate oxidation results in a weak interconnect between the substrate and the sintered nanosilver and significantly reduces both thermal and electrical conductivities at the interface [2] . Since the combustion process of the solvents and dispersants that are mixed with the silver nanoparticles are influenced by the sintering condition, this could change the microstructure evolution of nanosilver during the sintering. However, details were not fully understood. The purpose of this paper is to determine the effects of sintering parameters, including time, temperature, and atmosphere on the microstructure of the sintered nanosilver and link those structure differences to mechanical properties. The information contained here supplements previous work using transmission electron microscopy (TEM) to compare microstructure to mechanical properties [2] , [12] , [13] . Ultimately, this paper endeavors to explain why the sintering parameters have the observed mechanical outcomes.
II. EXPERIMENT
Nanosilver paste prepared by the previously reported method was received from NBE Technologies, LLC [1] . The initial nanosilver particles were spherical and 20-30 nm in diameter. Nine samples were prepared under different sintering conditions. Samples were sintered in air at 255°C for 5, 10, and 30 min; air at 120°C for 5, 10, and 30 min; in nitrogen at 255°C for 5 and 30 min; and in nitrogen at 120°C for 5 min.
Each sample was prepared for TEM analysis using mechanical polishing followed by Ar ion milling or ultramicrotome techniques. For ion milling a Fischione Model 1010 Ion Mill was used with a voltage of 5 kV and current of 5 mA. The ultramicrotome samples were prepared by embedding a small fraction of the sintered nanosilver sample into an epoxy resin, curing at room temperature, and then sectioning with an RMCBoeckeler ultramicrotome. The sectioning was performed at room temperature. Initially, there was concern that ion milling might change the samples' structure by localized heat or physical energy transfer; however, a preliminary examination demonstrated that both microtomed and ion milled samples exhibited identical microstructure. TEM images were taken using a JEOL 2100 TEM, operated at 200 kV and an FEI TITAN operated at 300 kV.
Grain diameter measurements were made using the circular intercept procedure outlined in ASTM E 112 [14] . Other researchers have noted controversy in reported grain sizes of nanosilver particles because of differing methods and protocols and suggest that it may not be appropriate to compare grain sizes between researchers [4] . In addition, the reported grain size values should be taken as relative and not absolute because of TEM projection artifacts [15] . Given those disclaimers, the reported grain sizes are remarkably similar to those reported elsewhere [13] .
Serial sectioning was performed using an FEI Helios 600 NanoLab equipped with a high-resolution scanning electron microscope and a Ga focused ion beam (FIB). A series of images taken every 50-nm slices was captured using FEI Slice and View software. The sliced images were then reconstructed into a 3-D data set using FEI Amira 5.5.2.
III. RESULTS AND DISCUSSION

A. Effect of Temperature
Lower sintering temperatures would be desirable to reduce manufacturing cost, but this leads to weaker die shear strength [3] , [9] [10] [11] . A temperature of 255°C was chosen to be studied, because die shear strength is often reported to plateau at this temperature [3] , [11] and 120°C was chosen because at that temperature most of the solvent evaporates [10] , [16] .
The temperature effect on sintering in a nitrogen atmosphere for 5 min can be seen by comparing Fig. 1(a) and (b), which are TEM images of nanosilver sintered at 120°C and 255°C, respectively. The images indicate that sintering at a higher temperature caused more coarsening which had the effect of forming a 3-D network of thicker ligaments, larger connected pores, and fewer isolated pores. The 120°C nitrogen sample had ligaments that were most often less than 200 nm thick and the 255°C nitrogen sample had typical ligaments that were 200-500 nm in thickness. Surprisingly, these samples had very similar grain diameters of 106 ± 32 and 103 ± 10 nm for the 120°C and 255°C sample, respectively. The lower temperature nitrogen sample had many elongated grains which are circled in Fig. 1(a) . These elongated grains often had a length that was two to five times larger than the width and were always accompanied by twin boundaries running in the direction of elongation. The twins are marked by dotted white arrows in Fig. 1(a) . The higher temperature nitrogen samples did not show the same grain elongation.
The sintering temperature had an even more pronounced effect on the samples sintered in air (Fig. 2 ) than those sintered in nitrogen. The sample shown in Fig. 2(a) was sintered in air at 120°C for 5 min. This sample did not form an obvious ligament network, i.e., appearing more like loosely agglomerated grains, and the ligaments were often less than 200 nm in width. It had many isolated pores and an average grain diameter of 77 ± 7 nm, which was statistically similar to the 120°C nitrogen sample. Overall, the low temperature air sample had a morphology similar to the 120°C nitrogen sample. The sample shown in Fig. 2(b) , which was sintered in air at 255°C for 5 min, had a very coarse ligament network with wider ligaments than those in the high temperature nitrogen sample, very few isolated pores, and much larger grains. Samples sintered in air at 255°C had the coarsest ligament network of all the samples with ligaments often measuring between 500 and 1000 nm wide and sometimes larger. The average grain diameter in this sample was 291 ± 49 nm which was about three times larger than the 120°C air sample. Grain elongation was also seen in the lower temperature air samples and did not occur in the higher temperature samples. The elongated grains in the low temperature air sample often had aspect rations between 1.5 and 3 making this effect much less pronounced than in the low temperature nitrogen samples. These features are marked in Fig. 2(a) .
Overall, temperature had a major impact on the microstructure of the sintered nanosilver in both atmospheres. Higher temperatures lead to a much coarser and connected ligament network structure, better connected pores, and much larger grain sizes in air. These effects can be explained by the higher temperature causing much faster diffusion, the prevalence of grain boundary diffusion, and the removal of dispersants in the air sample.
B. Effect of Atmosphere
The samples shown in Figs. 1(a) and 2(a) were both sintered at 120°C for 5 min. The former was sintered in nitrogen and the latter was in air. These samples had very similar structures: 1) a poor ligament network; 2) many isolated pores; 3) a similar grain size; and 4) a similar number density of elongated grains. The nitrogen sample had elongated grains with a higher aspect ratio than the air sample, which may suggest that atmosphere affected surface diffusion rates or the preference of atoms to deposit on the surface steps formed by the twin boundaries [17] . Besides a difference in grain elongation, atmosphere did not have a major impact on the microstructure of the lower temperature sintered nanosilver. This was not the case at the higher temperature where the effect of atmosphere can easily be seen by comparing Fig. 1(b with Fig. 2(b) . The sample sintered in air at 255°C had a much coarser ligament network with much thicker ligaments, fewer isolated pores, and much larger grains than the sample sintered in nitrogen at the same temperature.
The relative degree of dispersant burnout may explain why sintering atmosphere had an effect on microstructure at 255°C but not at 120°C. The carbon tailed dispersants which inhibit sintering at room temperature slows the rate of sintering at higher temperatures. The removal of these dispersants is critical in forming a coarser ligament network. At the lower temperature, there was not enough heat to eliminate the dispersants in either atmosphere and thus the samples evolved into a similar structure [4] .
C. Effect of Time
Sintering occurs through atomistic diffusion which is a time-dependent, kinetic phenomenon. Longer range diffusion requires exponentially more time to occur. At the start of sintering, coarsening proceeds rapidly due to the short range diffusion that is required to link the small nanoparticles randomly into a 3-D ligament network and begin to thicken the network's ligaments. As coarsening progresses and the ligaments become thicker, longer range diffusion is required to advance the process. When the ligaments have reached some critical width, it will take enormous time scales for diffusion to thicken the ligaments further over such long range. Thus, at a given temperature, a sample's ligament network will asymptotically approach some final critical coarseness, i.e., a steady state. Fig. 3 shows samples sintered in air at 120°C for 10-30 min and Fig. 2(a) shows a sample sintered under the same conditions for 5 min. An ill-formed ligament network was observed in the 5-min sample, while the 10-and 30-min samples show nearly identical ligament width, grain size, and overall coarseness. The typical ligament widths of the 10-and 30-min samples were between 150 and 400 nm, which was much larger than those of the 5-min sample. Grain growth also continued after 5 min but not after 10 min. The 10-min sample had an average grain size of 119 ± 27 nm and the 30-min sample had an average grain diameter of 116 ± 26 nm. Because the 10-and 30-min samples had nearly identical ligament width, grain size, and overall coarseness, it is clear that the final coarseness was reached within 10 min when sintering in air at 120°C. Although the 10-min sample had reached a final coarseness, short range diffusion continued and caused the ligaments' surfaces to become smoother in the 30-min sample. In the 10-min sample, there were still narrow necks between some grains which gave the ligaments a "lumpy" appearance. By 30 min, an influx of atoms to the narrow neck regions had smoothed the ligaments. This smoothening action may increase strength, because jagged pore edges are more likely to initiate catastrophic cracks than smooth edges. This may explain why longer sintering times lead to better die-shear strength even when the ligament network did not appear to get any coarser [3] , [9] , [10] . An increase in strength with longer sintering times can also be attributed to better interface adhesion between the sintered nanosilver and substrate or die [9] .
The samples sintered in air at 255°C reached a final coarseness much quicker than the low temperature samples. The samples sintered in air at 255°C for 5 and 10 min had a similar ligament structure with similar coarseness and ligament width. Under these conditions, a final coarseness was reached within 5 min and continued sintering did not appear to increase ligament width or network coarseness further. The high temperature nitrogen samples also reached a final coarseness within 5 min. Similar to the low temperature samples, longer sintering times lead to smoother ligaments in the high temperature samples, even after reaching a final coarseness.
D. Twin Boundaries
Twin boundaries were seen in all of the sintered nanosilver samples regardless of sintering conditions. The fatigue life of silver and other face-centered cubic (FCC) metals is significantly reduced by twin boundaries which are favorable sites for the nucleation of fatigue cracks [18] . A long fatigue life is desirable, because a device interconnect will be subjected to cyclic thermal loading and mechanical testing has shown that this material does indeed show strength degradation after cyclic thermal loading [2] . In order to increase reliability, fatigue life should be increased and it is reasonable to assume that samples with a lower number density of twin boundaries would exhibit increased fatigue life. Fig. 4 shows TEM images of representative twin boundaries overlaid with diffraction patterns taken from the imaged twin boundaries. The indexed diffraction pattern in Fig. 4(a) and the diffraction pattern in Fig. 4 (c) are formed by (111) FCC twinned structures.
The twin boundaries that appeared in these samples came in two distinct morphologies. The type like those seen in Fig. 4(a) had a large spacing between them and spread across the width of the grain. The other type is seen in Fig. 4(b) had many twin boundaries in a narrow band near the center of the grain's width, and each boundary had a small spacing of only a few nanometers between them. In both types, the twins stretched across the entire length and height of their host grains. The narrow band twin boundaries were observed only in the lower temperature samples, while the widely spaced twins were seen at both temperatures. The mechanism that caused different twin morphologies at different temperatures is not understood. At the lower temperatures, grain elongation occurred in grains that contained either type of twin boundary, but the effect was more exaggerated in the narrow band twins. The exaggerated elongation in the grains with narrow band twins could be caused by a higher density of surface steps formed by the twins which are preferential attachment sites for surface diffusing atoms to deposit. The fact that grain elongation occurred only at low temperatures may serve as further evidence that surface diffusion was the main source of atom transport at this temperature but not at the higher temperature. The direct effect of the twin boundaries on the mechanical properties of the sintered nanosilver is unclear. However, the twin boundaries and type of boundaries are clearly having an effect on grain growth, grain shape, and, thus, ligament morphology, which in turn affects mechanical strength. Thus, the twin boundaries may be having an indirect effect on mechanical strength, and are probably having a direct effect on fatigue life.
E. 3-D Data
Sintering in air at 255°C for 30 min has been shown to have the best mechanical properties of the samples studied here [3] , [9] [10] [11] . In order to obtain a broader understanding of the 3-D morphology of the ligament network structure, a 3-D reconstructed data set was obtained from this sample using an FIB serial sectioning technique. Orthogonal slices of this data set are shown in Fig. 5 . This data set revealed a very coarse ligament network with a highly connected network of pores. The ligament network had a very complex and interconnected 3-D morphology and ligaments sometimes had diameters of several micrometers or in rare cases even more. The ligaments sometimes joined together into a larger ligament and sometimes shrank down like the end of a wedge shape where two pore channels joined together. The 3-D data also reveals that the silver grains were very spherical in this sample with little elongation in any direction. Many of the grains had diameters between 0.5 and 1 µm. Some of the grains contained multiple twin boundaries which appeared as parallel stripes of contrast within a grain. These twin boundaries usually bisected the entire height and length of the spherical grain.
The pore/ligament morphology and sizes are believed to be a significant factor in the mechanical integrity of sintered nanosilver. Due to their size and shape, the pores in this data set are more easily measured and quantified than the ligaments. Pore channels had an average width of 1.11 ± 0.52 µm along their major direction and 0.58 ± 0.25 µm along the smaller direction. The average cross-sectional area of the pore channels was calculated to be 0.55 ± 0.41 µm 2 . The pores tended to have smooth edges, but there were still some rough and jagged edges present in the sample which are potential stress concentration sites. A material often fails at its weakest link; therefore, the size of the large pores may reduce the material's shear strength more directly than average pore sizes. The largest observed pore length in this sample was 4.43 µm in length and this pore had a width of 0.47 µm and a crosssectional area of 1.64 µm 2 . The largest cross-sectional pore area observed was 3.44 µm 2 . Pores that were unusually large in one dimension were typically smaller than average in the other dimensions. No voids were found that were large in all three dimensions. Since large 3-D voids will give rise to stress concentrators and leave less room for material, minimizing these voids is critical for mechanical stability. Large crosssectional voids can be nearly as weak to shear forces as 3-D voids depending on their relative orientation to the shear. Therefore, minimizing large cross-sectional voids should also increase the material's sheer strength.
The 3-D data set reveals that this sample consists of coarse ligaments comprised of tightly packed micrometer scale grains riddled with twin boundaries. This ligament network appears almost like dense bulk silver penetrated by a complex network of interconnected pores of varying size, shape, and direction.
IV. CONCLUSION
TEM images of sintered nanosilver were carefully compared after sintering under various conditions and their microstructures were correlated with previously reported mechanical testing. Sintering conditions that showed the best mechanical properties created microstructures with thicker and smoother ligaments, larger and better connected pores, and larger grain sizes. The evolution of a more desirable microstructure can be explained by sintering conditions that lead to faster diffusion, grain boundary diffusion, and dispersant removal.
